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- — Gamma-rays firom WIMPs
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; 0
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 WIMP = Weakly Interacting Massive Particle _
Spectral Line

— DM candidate (e.g. neutralino) ‘ y
— Believe the Milky Way sits in a large WIMP Dark -
spherical “halo” or cloud of DM oLy .
* Non-relativistic (cold) DM 4 T
 WIMPs annihilations (decays) may produce gammas /

) ) Or Z0 HO etc
— Dominant channels -> broad continuum

— Monochromatic channels expected to be rare (loop-su ppressed)
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Public Data Release:
All y-ray data made public
within 24 hours (usually less)

Si-Strip Tracker:
convert y->e*e-

Fermi LAT

reconstruct y direction
EM v. hadron separation

Hodoscopic Csl Calorimeter:
measure y energy

image EM shower

EM v. hadron separation

Trigger and Filter:
Reduce data rate from ~10kHz
to 300-500 Hz
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Incident
Angle (0)

Fermi LAT Collaboration:
~400 Scientific Members,
NASA / DOE & International
Contributions

e B0 [0 o

(| IE

| For detailed description
. of LAT performance
| see arXiv: 1206.1896

Anti-Coincidence Detector:
Charged particle separation

En Range and Coverage:
20 MeV to >300 GeV
See whole sky every 3 hrs
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= — Galactic Distribution of DM

Gdr"l'l'l:'l ray
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Inner galaxy Galactic Center:
arXiv: 1308.3515 | _| arge Statistics

- Complicated by
Astrophysical Sources }

DM Clumps in the Halo: |
- Few Astro. Bkg
- Complicated by low
statistics, unknown loc }

arXiv: 1201.2691

Anisotropy
arXiv: 1202.2856

. e - . ~ Speciral Lines:
Extragalactic. | T EET : Gala?“' Ia-tltude‘ e A - Smoking Gun ’
- All galaxies et -~ '(|OO|( Ao above the - . - Small Stat.

- Isotropic

Galdctic plane) e
' ; 1205.2739
R arXiv:

1305.5597

. Galactic longitude
" "(looking away from
-+ the Galaetic center)-

Electrons:
- Good Stats.
- Challenge:
Backgrounds

arXiv: 1109.0521
arXiv:1107.4272

arXiv: 1205.6474
arXiv:1203.6731

fa

Nearby Galaxies:
- dSph DM Enriched
- Known location

Milky Way Halo simulated by Taylor & Babul {2005) 2yr dwarfs - Lower Statistics
All-sky map of DM gamma ray emission [Baltz 2006} arxiv: 1108.3546
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—— Large Astrophysical Background

Gdr"l'l'l:'l ray

’Pj 5|‘|.‘|-.'l? TPI-.hampsh
Smooth component peaked in Galactic Center
(central cuspiness has large uncertainties)

Milky Way Halo simulated by Taylor & Babul (2005)
All-sky map of DM gamma-ray emission (Baltz 2006)
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Sextans

U'rsa Minor
- Draco

Coma ¢ ‘WI IHérc o
- S
|
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Milky Way, el

Caring

(Bullock, Geha, Powell)
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The Milky Way is
surrounded by small
satellite galaxies

Close to Earth
(25 kpc to 250 kpc)

Astrophysically
inactive

Most dark matter
dominated objects
known

A.Drlica-Wagner
DPF 2013
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- J-Factors for Dwarf Galaxies

Gammaray
/ oY / 2 (r(l, ))di(r, &)
AQ(p,0) los

5 pace Telescane
20.0 . . . . |
Segl

UMall

NFW density profile
19.5} Will integrated over 0.5° cone
oo 18 dwarf galaxies have
19.0} Bool Dra well-determined J-factors. | |

T Sc]

]

% UMal A.Drlica-Wagner DPF 2013

2B

U 18.5} |
o LeolV

= CVnll CVal

5 18.0} " Leol 1

Leoll
17.5} . l { } 1
Preliminary

17'0'0 o0 100 150 200 250 300

Distance [kpcl
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- Combined df§ihis Resulis
Gamma:ra
S pace Teleaicpe
ot | A e m e
e : 20l Madia Bpents ## | Preliminary
« Joint likelihood analysis il | i 2
. | il :
Of 15 dwarf galaXIeS ml:ﬂ 10 23 85% Containment,
 4years ofdatainenergy = ._ _ . =
range 500 MeV — 500 GeV = . i -~~~ -

e Account for uncertainties e — : .
in J-factor 10-22 e | ADrlica-Wagner DPF 2013

— DM distribution T 10-28
determined using £ 19-2
obser\{ed stellar 10w _
velocities > o P i e e S i i R e s

6 annihilation channels = = : < - —
considered 10-22 . Expected sensitivity

:,;‘ s } estimated from data
e No DM seen "
— Exclude canonical < 10
thermal relic cross- [ . S _
section for masses 10 Thermal relic cross-section
less than ~10 GeV (in 7T T
bb and tau’s) Mass (GeV) Mass (GeV)
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s, ermi Projected Limit Improvement with dSpisphs

Ganasy
Space Telescope
1023 ¢ ——r——r——m ———
F| —- Median Expected P
|0 68% Containment Prellrrllnary
= i 95% Containment
107 F
-« Assumes upcoming surveys
N (DES, LSST) find 20 more dwarfs
= 10725k » Does not include improvements
- : to LAT analysis (e.g. Pass 8)
> A S . e 2090202020202 <R
"’E‘ 10—2& u
10727k A.Drlica-Wagner DPF 2013
- 10 Year Observation
- 35 Dwarf Galazies bb
10° 10 102 103 10*

Mass (GeV)
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—— Search for Spectral Lines

no src masking)

R16 (Einasto)

R41 (NFW)

R90 (Isothermal)
R180 (DM Decay)

ROI optimization
motivated by
Bringmann et al 2012
(arXiv:1203.1312) and
Weniger 2012
(arXiv:1204.2797)

e Search for lines from 5 — 300 GeV using 3.7 years of data
— Maximum likelihood fit with improved energy dispers ion model

e Use P7TREP_CLEAN event selection
— Reprocessed data with updated calorimeter calibrati on constants
— Clean cuts are recommended for faint diffuse emissi on analysis

e Mask bright (>10 ¢ for E > 1 GeV) 2FGL sources
9/12/2013 Andrea Albert (SLAC) 10
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T IIIIIII| T IIIIIII| T IIIII|T| T IIIIIII| T IIIIIII|

3.7 year R3 NFWc Profile

—=— Observed Upper Limit

----- Expected Limit

] Expected 68% Containment
m Expected 95% Containment

Sglobal = 1.50
f=0.58
Much larger than
systematic level

Siocal = 3.20

10

108

107

<ov> 95% CL Limit (cnr's™)

10

104

10

No globally significant fits

T IIIIIII| T IIIIIII| T IIIII|T| T IIIII|T| T IIIIIII|

3.7 year R41 NFW Profile

—=— Observed Upper Limit

----- Expected Limit

[ Expected 63% Containment
[ Expected 95% Containment

—  C.Weniger JCAP (2012)
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95% CL <ov> upper limits

I IIIIIII| I IIIIIII| IIIIII|T| I IIIIIII| I IIIIIII|

3.7 year R16 Einasto Profile
—=— Observed Upper Limit

----- Expected Limit

] Expected 68% Containment

[ Expected 95% Containment
~ C.Weniger JCAP (2012)

m,

Ea
o
58]
S

3.7 year R90 Isothermal Profile
—sa— Observed Upper Limit

----- Expected Limit

[ 1 Expected 68% Containment
I Expected 95% Containment

Bands show expected
statistical fluctuations only

IIIII| 1 IIIIIII| 1 IIIII|,|,| 1 IIIII|,|,| 1 IIIIIII|

10 10°

m, (GeV)

11



S —— The Line-llke= fFesttunes messar 183 GesN
Gammaray
5|‘|1-.'E- Telescope
/ ::: 10 T L IR B R AL RN BELENLEL B L =
3 60 E, =133.0 GeV E
E h: Ngq = 16.3 evts ny,, = 277.7 evts E
= b Speal =410 Ty =2.74 :
& 30F R3 = 3° .3 Dashedisfitwiths =1
W 2oF- - R .
mE = =— Solid is fit with best fits
OSSR R -
e i 2| Unbinned fit, binning is
3 o +++ + for visualization only
e o T +++||' peas ‘#_
-4 R

100 120 140 160 180 200 220
Energy (GeV)
3.20 (local) 2D fit at 133 GeV with reprocessed data

Fit with energy dispersion model that includes even
estimator P ¢ (“2D” model)
Let width scale factor float in fit (while preservi

- s, =0.32702(95%CL) ATS=9.4

Feature in data is narrower than expected energy re

80

t-by-event energy recon. quality

ng shape)

solution (s ;=1)
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S —— 133 GeV in the Earth Limb spectrum

Gamma ray
5 pace TF-I-.hampsh

P7Transient to P7Clean Efficiency

10*

== R I I T > E T 1T
£ 12-0) 1+ - $ F E, = 133.0 GeV
%‘ 'I:— —t= E % 10° N, = 28.9 evts n,, =3510.1 evts
N + ] = - Sioeq = 2.00 [pyg = 2.70
0.8t . =B
B . 10°E
L B .
0.6[ + ~ GELLT <0y, <1137
04:— + - E|Rocking Angle| > 52 °
I ~LimbData _
N ] b 4 ]
B MC ] 5 2r + + +
i 7 » O#W%%W
[]_I PRI NN SR I NN N W TN T N N SN NN N N SN T NN NN A N N Y é _2i + -+- +_
60 80 100 120 140 180 180 200 220 al- |

Energy (GeV) 60 80 100 120 140 160 180 200 220

* Line-like feature in the limb at 133 GeV (2.0 ¢ local signif) Measured energy (GeV)

— Also reported by others: D. Whiteson (arXiv:1208.367  7), A. Hektor et al (arXiv:1209.4548), and
D. Finkbeiner et al (arXiv:1209.4562)

— Appears when LAT is pointing at the Limb (|  0,|<529)
— Surprising since limb should be smooth power-law
—  S/Njip ~14%, while S/N r;61%
* Limb feature not large enough to directly explain a Il the GC signal
* Dips in efficiency (less stringent Transient cuts - > Clean cuts) below and above 133 GeV
— Appear to be related to CAL-TKR event direction agr eement
— Could be artificially sculpting the energy spectrum

9/12/2013 Andrea Albert (SLAC) 13
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133 GeV Feature in 4.4 year dataset

> 70 rr[rrrtrfrr 71t rrr1rrrr 1111
3 (c) P7_REP_CLEANR3 2D E_=133.0 GeV
o ng, = 17.8 evts n,, = 276.2 evts
o 50 sig g
E 40 SlOCal = 3.3 G Fbkg = 2.76
c
o 30
=>
G 3.7yr
10
— 0 : : : T : : : T : : : T : : T : : T : :-;1' A-‘-I‘- ‘--‘_‘-:-L- h T
B4 A
s 2 | L ﬂ i| Hi ¥
k%) 0
e o +'+ ++ 1 4
v , . . . . . . . =
60 80 100 120 140 160 180 200 220
Measured energy (GeV)
:-_;,. ED """""""""""""""""""""""""" J:
& i ®  P7_REP_CLEANR32DE =133.0GeV =
g s0B ng, = 15.8 evis n, =3203 evis _g
~ 50 Sieq — 290 =273 =
g 40 =
G E
20 =
10 =
. D : o .= :
e 4 N
: 2
5 b b
e ol T4y 4+ + | |
‘4_. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII —
B0 80 100 120 140 160 180 200 22
Measured energy (GeV)
9/12/2013

Weniger et al (2013)
http://fermi.gsfc.nasa.gov/ssc/proposals/
alt_obs/white_papers_eval.html

? T T T T T
<| PTREP CLEAN, 133 GeV, |
] Reg3 signal-like "

— e |

..............

" bkg-liké -

Accumulated significance [«]

0 10 ﬁﬂ 30 40 50 60 70 80
Time [months]

* S,q decreased in 4.4 yr data by
~10% compared to 3.7 yr data

* Since spring 2012, feature has
decrease
— More “background-like”

Andrea Albert (SLAC) 14



O :;5bm£ Summary

« Search for DM signal from Milky Way Dwarf Galaxies
— Updated 4yr limits are slightly higher than 2yr lim its
— No significant detection
— Publication in internal review, should be submitted soon
« Search for spectral lines from 5--300 GeV in 5 ROIs
— Submitted for publication in PRD (http://arxiv.org/ abs/1305.5597)
— No globally significant lines detected
* Have set 95% CL ®,,, <e¢v>,, , and t,, limits
 See a narrow residual near 133 GeV in the GC
— Not (completely) an obvious systematic error
» Larger than expected systematic uncertainty
* Feature in Limb is smaller than GC feature
» Feature does not appear in inverse ROI
— Bkg fluctuation?
* Much narrower than expected energy resolution
» Decreasing with more data
 More data and study will improve future LAT analyse s
— Pass 8 — ~25% increase in A .« and better (different) systematics

9/12/2013 Andrea Albert (SLAC) 15
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Modified Observing Strategy

more info can be found on FSSC
http://fermi.gsfc.nasa.gov/ssc/proposals/alt_obs/ob s_modes.html

Panel discussed white paper proposals July 25 ™ and recommended a switch to
“option 4 or similar” around December 2013.
— Option 4 points to keep the GC in the field of view , while still providing relatively
uniform all-sky coverage
Public discussion page for community input
— https://groups.google.com/forum/#!forum/fermi-obser vation-strategy-discussion

survey mode option 5

| 14 E- 1.8 2 22

o2 0.4 oE 0.8 1 iz

exposure maps

9/12/2013 Andrea Albert (SLAC) 17
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- — Systematic Effects in each ROI
¢ empas
« Uncertainties that affect the Quantity Energy R3 R16 R41 R90 R180

conversion fromn g, to ®,,

— E.g., exposure uncertainties {
— Do not affect fit significance

de/e 5 GeV ~ 0.10 0.10 0.11 0.12 0.14
oe/e 300 GeV 0.10 0.10 0.12 0.13 0.16

[ Onsig/nsig All aa it fini e 't i ¢ e g

 Uncertainties that scale n

_ sig of 5 GeV  0.020 0.020 0.008 0.008 0.008
— E.g., modeling energy
dispersion <  §f 50 GeV 0.024 0.024 0.015 0.015 0.015
— Affect significance, but will . O0f 300 GeV 0.032 0.032 0.035 0.035 0.035
not induce false signals
L(n i — Mg —
TS = 9n (EE _EgE]best) o TS
e Uncertainties that induce or (sig = 0)
mask a signal 9
: : _ Tsig | Sigeal
— Express as uncertainty in — [ = o
besr Msip

fractional signal, &f —

9/12/2013 Andrea Albert (SLAC) 18



— Fitting Results

43 R3 . A2
- 26 [}: . :":h" a0 "’ﬁ‘-.-..--*-ail I'L;.""‘;;.""‘“.a.:
Sqlobal
o O S 1 ~ E,=135 GeV
2 25 ~ Sipea = 3.20
DI . My 4 | Aal Sglobal = 1.90
—~ 45¢ . . f=0.58
T ot e =’ s s s e e --— Much larger than
§2.25 = A A \ -~ systematic level
0] A4 .' A
E= 6 GeV
Slocal = 316 45_ 1 ] T H T T T T T T T a
Sglobal = 1.4G/EE:>.P"H F\;TS—U + E
f - 0.01 - ,;F .i. :Flljr -l(‘\.,\ -*I 'II II| |;*; “j*'. A ]
At SyStematIC Ievel D_“l' b I»III,D“J ek -=-"‘ ?#‘““'* i 1"—"*;‘:62‘“5 E"‘."“-:;:;;:"ﬂ
E, (GeV)

* No globally significant lines found
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- Earth Limb Control Dataset

Boresight

Y ray

Cosmic ray

 CR interactions in atmosphere
produce secondary vy rays

« Select|0,/>52° so not dominated by
large 0 events

— 0.03% of the 3.7 year observing time
* Negligible celestial “shine through”

9/12/2013 Andrea Albert (SLAC) 20



- — Fitting Method

Predicted Spectrum Signal Model Background Model

; . = n E —Dpkg ;
C(E', Pg|@) = ngyDeg(E', Pg| E.)wgie(Pg) + b*‘g( ) N(E" ) wke (Pr)

SIE / Chke E[] /

FoV ROI ~ . Fol" ROI - -
Igir S ,9, E . ’ y y
Du(EEy) = [ D(&;0B,) e PEB 6. Br) yo o, )= [ [ BelPERRE dguq,

Ngig TMpkg

Effective Energy Dispersion Effective Area Corrections
Incorporates energy reconstruction quality (Pg)

* Maximum likelihood fitat E  in sliding energy window ( *606¢)
— Fit from 5 to 300 GeV
— 0.506; steps (88 fit energies)
* N, Npygy Tpig free infit
* Cpyg IS given by normalization of background model
e Include P g distributions for signal and background: w(P E)
— Take from data for each fit (entire ROl and energy fit window)

9/12/2013 Andrea Albert (SLAC) 21



600
500
400
300
200
100

Events / 5.0 GeV

Resid. (o)
Aomneao

133 Feature in the inverse ROIs

E, =133.0 GeV
"su; =03evts n,, =10148.7 evts

Ty = 2.43

J&LH 1.,

b
P TE TR T

140 160 180 200 220

Measured energy (GeV)

E, =133.0 GeV
ng, = 19.6 evis n,,, = 3184.5 evis
Ty = 2.39

1] éllllllII|IIII|IIII|IIII|IIIIT-

T40 160 180 200 220

Measured energy (GeV)

[l
=
=

E, =133.0 GeV
n,=00evts n, =69452 evts

Ty = 2.46

Events /5.0 GeV

=1 T

Resid. (o)

140 160 180 200 220

Measured energy (GeV)

E, =133.0 GeV
o~ 12.6 evis n, =464.5 evis
Ty = 2.62

Events / 5.0 GeV

|Ib] <10 & 90 <1< 110

|’,
k
+
+

Resid. (o)

Aomeao

T40 160 180 200 220

Measured energy (GeV)

 No obhvious feature at 133 GeV in the inverse ROIs

9/12/2013

— Would naively expect an instrumental effect to show

Andrea Albert (SLAC)

A: |bl<10°

e o

B:1°<|b|< 10
~ o : \\V\\‘x.
\
s i =,
o ,_/”"
C:|bl<1

P
b2
[ R = = o nﬁ

> >

~ -
L —r P

E. Bloom Fermi
Symposium 2012

up everywhere
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S —— Gamma-ray Event Classes

* Triggered events are dominated by CR background eve  nts
— Need to define additional cuts to get  y-ray rich dataset

* Nested “event classes” for various types of Y ray sources

— Transient: loosest, for flaring sources (cut in ti me)
— Source: moderate, for bright sources (cut in space)
— Clean: tight, for y-ray diffuse flavadioiiat
: i Collaborati
— Ultraclean: tightest, for extragalactic vy rays AR 200, 4 (2012
arXiv:1206.1896
- [ rrrrm oo oo R [ rrrrmmm rorrTrm rorrnm o< [ rrrrmm rorrTrm rorrnm T
a L (a) = Total residual CR » | (b) & Total residual CRs » | (c) = Total residual CRs
“n B — Primary CR protons | | = 1L — Primary CR protons | DA 1L — Primary CR protons |
> 1 c —PrimaryCRe"+e 3§ > f —Primary CRe’ + ¢ > f —Primary CR e’ + ¢
% C —Secondary CRs % C —-Secondary CRs % C —Secondary CRs
o o g - RGR o
Byp Sqg° Sqg°
1= I= I=
3 = =
0 ) Q
O O @)
X X X
w10?E W10 W10
Source Class _
s [Resid, Bkg Ratel..u . ..] 4 A ). 03
R 10° 10° 10° 10° 10° 10°
Reconstructed energy [MeV] Reconstructed energy [MeV] Reconstructed energy [MeV]
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s, ermi Data Reprocessing with Updated Calibrations

Gdr"l'l'l:'l ray

Event Overlap v. Energy Energy Shift v. Time
g 1l T 1| —*~ P7CLEAN w0l 7 1 T T ]
_z:" 0.95E —— PTREPCLEAN_ E 0.055— 17 GeV _E
E o9F T—— = E | —3t1cev o2
= 0.85 T —— —— E 004~ | — 56 GeV L ==EE
. —_— = E . _:t_;‘:.- E
0.8 —t = 0.03F | DI = 3
— 3 = e L 3
0.75 = 0.02F SESES =
= - =!=:‘-_=_ -
0.7 E 001 - 3
0.65 = - 3
- of- —i- =
0.6 = C == 3
0.55 3 -0.01 %— _;
e 3 o N T T N T -
0 o pye 00240 260 280 300 320 340 8
Energy [MeV] MET [s]

*Reprocessing Data with updated calibrations (primarily Calorimeter)

sImproves the agreement between the TKR direction and the CAL shower axis and
centroid at high E, improving the direction resolution

«Corrects for loss in CAL light yield b/c of radiation damage (~4% in mission to date)
*80%+ overlap in events between original and reprocessed samples

9/12/2013 Andrea Albert (SLAC) 24



T | ! - !
— 0.1<P.<0.3 A
—0.95<P.<1.0

0.006
0.004
0.002

III|III|III|III|III|III|III|III|III|III|II'

9% 04 03 02 D041 0 01 02 03

E-E)/E
o P ="CTBBestEnergyProb” (E-E)
— Probability that the reconstructed energy is within expected 68% containment

e Use triple gaussian model in 10 P ¢ bins

 Gives ~15% increase in statistical power
— Similar to adding ~30% more data

9/12/2013 Andrea Albert (SLAC) 25
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Gdr"l'l'lﬂ ray
J/ 5|'|.1c9- TF-I-.hampsh
(@  P7CLEANR3 1D E, = 130.0 GeV
Ngg = 24.8 evts ny,, =298.2 evts
Sipcal =450 [l =278

* Fits using simpler energy dispersion model
— no use of energy recon. quality: P ¢

 4.50 (local) 1D fit at 130 GeV with

Similar behavior

Events / 5.0 GeV
3

||||||||||||||||m||||||||||||||||-;

= O P e e unreprocessed data
}05; §:|+,+ bkt ++.+ ++# ++ HHHWJ,; — Comparable to signif. reported in C.
g op THHTITIAT T T T Weniger JCAP 1208 (2012) 007
-44'_0 6080100 120 140 160 T80 200 220 arXiv:1204.2797
Measured energy (GeV)

(b) P7_REP_CLEANR3 1D E =133.0 GeV
Ny, =212 evts n,, =272.8 evis
=410 [g =2.82

4.10 (local) 1D fit at 133 GeV with
reprocessed data

— Shifts higher in energy by a few percent, as
expected

SIocal

Events / 5.0 GeV
3

Similar behavior

Resid. (o)
Ao bO
=T 1
o
d

60 80 100 120 140 160 180 200 220
Measured energy (GeV)
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Regd (ULTRACLEAN),
T miiveine

[ Signal counts: 46.1 (4.360)
30} p-value=0.37, x2,=23.6/22

25 |
20F
15 -

[ =—H
10

Counts

B =129.8 GeV

T e a———r]
80.5 - 210.1 GeV

Bringmann+ [arXiv:1203.1312]
Weniger [arXiv:1203.2797]

—
=

10}

Counts - Model

.
—4

1] ]

Ijlilllliig

| L 2 A . L

E [GeV]

150 200

b [deg]

b [deg]

 Bringmann et al. and Weniger showed evidence for a
near 130 GeV near the Galactic center (GC)

« Signal is particularly strong in 2 out of 5 test re

 Over 40, with S/N > 30%, up to ~60% in optimized regions of

9/12/2013
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-15
-30

-60

-15
-30

3 Reg3
Einasto

30
15

S8  Regd
Contr. a=1.15
30

15

Frac Residual (i.e., S/N):
f= SIocal2 / Ng

narrow spectral feature

gions, shown above

interest (ROI)

57



- — 0-dependence of 135 GeV feature
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e Searchin a 20x20 GC box (no source removal, 2D mod el)

o 135 GeV feature appears in low- 0 events, but not in high- 0 events

— 3.56 in 0<500 events should scaleto 2 ¢ for 0>50° events
« Same behavior observed in the Limb feature
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